Double-skin fac¸ades (DSFs) have been proposed as an efficient passive solar energy utilization technology in recent years. [1] [2] [3] [4] Compared to conventional facades, DSFs have a multiple of environmental benefits. For example, DSFs have the positive effect of ventilation, daylighting and glare control, sound insulation, noise reduction, visual and aesthetic quality as well as enhancement of thermal comfort. By reducing energy consumption, the applications of DSFs to building envelopes can reduce long-term cost from the economic perspective. 5 In order to maximize building energy efficiency, researchers have explored some new DSF structures and technologies based on the traditional DSFs, such as the photovoltaic doubleskin fac¸ade system (PV-DSF). PV-DSF, which combines photovoltaic modules with DSF, is a typical technology utilizing solar energy in both active and passive way and is now considered as a promising novel fac¸ade technology for solar building integration. [6] [7] [8] Now there are several kinds of PV modules which can be applied in building envelopes. Some windows coupled with PV modules can be found in Figure 1 . 5 The PV components are sorted in order of power efficiency from high to low as follows: c-Si (8-17%), CdTe (7-14%), a-Si (5-11.5%), organic photovoltaic (OPV; over 9%) and dye-sensitized solar cells (DSSC; 2.65-7.6%).
9,10 Now semi-transparent PV-DSF system has attracted more attentions. The most commonly used materials in PV-DSF structures are c-Si and a-Si solar cells, which have achieved real applications.
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As c-Si is opaque, it will cause shadows inside the room and the indoor daylighting is then determined by the gap between the solar cells. It will also bring visual discomfort and poor aesthetics. Thin film solar cells and organic cells have higher acceptance in terms of visual comfort. There are also some emerging solar cell technologies, such as OPV and DSSC, which add new vitality to the development of photovoltaic module technology.
Advantages of PV-DSF by active solar energy use
There are different ways to combine PV with DSF. The differences lie in the positions and forms of installed PV panels. For example, the out layer of DSF is replaced by PV glass (PV-DSF) or use opaque PV blinds in the air cavity of DSF (PVB-DSF). Now studies about the system of PV-DSF and PVB-DSF are mainly focusing on their energy performance by comparing with other structures, including the traditional DSF with or without blinds, or the PV insulating glass unit (PV-ISU). The average solar heat gain coefficient (SHGC) and average heat transfer coefficient (U value), which indicate the heat gain from the sun radiation of windows under the same conditions and the thermal insulation performance of materials, respectively, are commonly used to evaluate the thermal performance of these structures. The power performance is evaluated by the electric efficiency or daily power output. The comparisons between these structures are shown in Table 1 .
From the comparisons between DSF, DSF with blinds, and PVB-DSF are shown in Table 1 , the traditional DSF system without blinds has the highest average SHGC. This can be explained by the system allowing more solar radiation to enter the room. PVB-DSF has the lowest average SHGC and the lowest average U value, which means that PVB-DSF has a better thermal insulation than DSF with or without shading devices. The embedded PV blinds can absorb more solar energy than traditional DSF. By comparing PV-DSF with PV-ISU, PV-DSF has a lower average SHGC and a higher average U value, which means the PV-DSF system is better than PV-IGU in reducing solar heat gain, while PV-IGU is better than PV-DSF in thermal insulation. The electric efficiency of PV-DSF is found to be slightly higher than PV-ISU, which is attributed to the lower temperature of PV modules for PV-DSF with a ventilation mode.
By comparing PV-DSF with PVB-DSF in Table 1 , it shows that PV-DSF has a lower average SHGC and higher average U value than PVB-DSF. The electric efficiency of PV-DSF is also higher than PVB-DSF. PVB-DSF shows a better thermal performance than PV-DSF, while PV-DSF is better in power generation than PVB-DSF as the PV blind is not exposed to the solar radiation directly but is installed in the cavity between the two glass layers. When PV-DSF is compared with low-e DSF, PV-DSF shows higher average SHGC and lower average U value. This may be caused by the low emissivity of low-e glass, which can reduce the transfer of radiation heat.
So, PV-DSF has its distinctive advantages by combining active and passive solar energy utilization. The new system can retain the original advantages of DSF and improve the operation temperature of the PV modules by inducing ventilation, which enhances the power generation of the PV modules.
Impacts of ventilation modes on PV-DSF performance
Different operation modes of ventilation for PV-DSF are also compared among mechanical ventilation, natural ventilation and non-ventilation in the cavity, as shown in Table 2 . The inference from the comparison is that the PVB-DSF system has a much better thermal insulation performance under no-ventilation modes in winter than that of PV-DSF; and that different ventilation modes can have a significantly higher impact on thermal performance than on the power performance of the system. No-ventilation mode has the best thermal insulating capability among these three kinds of modes mentioned above. So, in cold winter, this operation mode should be chosen to reduce the heat loss through the window system. During hot summer, the system of DSF with PV should operate under mechanical mode so as to reduce the solar heat gain and the operating temperature in daytime. When heating or ventilation is not strongly needed in transitional seasons, the PV-DSF may operate under the natural ventilation mode to make a compromise between the heat loss and power output of the PV modules.
Though the system combining PV and DSF has so many advantages, its climate and regional adaptability should still be carefully considered. We can see that the PV-DSF system is more appropriate to tropical or subtropical zones since the SHGC of it is much lower than other traditional facades. However, it gets too little solar radiation to meet the heating demand in cold area. If it is used in cold zones, the PV-DSF should always operate under no-ventilation since the energy saving by reducing heat loss is larger than the energy loss of PV modules caused by their higher operating temperature. 17 There are some other kinds of materials that can be used to combine with PV-DSF, such as an integrated PV-PCM system in the air cavity of DSF. This kind of system can save 20-30% of the cooling energy demand monthly. 18 At the same time, the conversion efficiency of PV modules can also be improved. This effect is better in hot climate where cooling demand is throughout the whole year than in cold climate. 17 This is also a combination of active solar and passive solar energy utilization. Higher energy saving effects can be expected in buildings, which can be further improved by combining DSF with such kind of energy utilization materials.
In order to better utilize the advanced PV-DSF system in real applications, the following aspects need to be further studied:
• The complexity of airflow movement in the air cavity of PV-DSF with natural ventilation should be carefully considered. Due to the photoelectric effect of the outer glass or the translucent film, the PV-DSF may have more complex airflow patterns with natural ventilation induced by passive solar heating than traditional DSF. At present, systematic studies on the impact of natural ventilation in the cavity of PV-DSF on the heat transfer characteristics of the structure and the effect of dynamic microenvironment in the cavity with natural ventilation on the regulation of indoor thermal environment are still lacking.
• Energy consumption evaluation and economic analysis on buildings installed with PV-DSF are needed. The aim of PV-DSF is to reduce the cooling loads in summer and the heating loads in winter as well as to generate power simultaneously, namely, to achieve building energy conservation. However, the energy performance of the system is dynamic and is a longterm effect, which can be affected by a number of variables. The overall energy performance of a building integrated with PV-DSF should be evaluated in its life cycle to balance the relatively high initial cost, dynamic operation performance and later economic payback.
• A balance between occupants' comfort and power generation capacity should be made. The power generation capacity is sometimes limited by the glass transmittance with PV modules. Low transmittance of PV glasses can also cause poor visual comfort. The factors among power generation, thermal performance, indoor thermal comfort and visual comfort should be well balanced to get optimized operation of this novel system.
